Whereas exogenously acquired proteins are the major source of antigens feeding the MHC class II pathway in antigen-presenting cells, some endogenously expressed antigens also access that pathway but the rules governing such access are poorly understood. Here we address this using Epstein-Barr virus (EBV)-coded nuclear antigen EBNA1, a protein naturally expressed in EBVinfected B lymphoblastoid cell lines (LCLs) and a source of multiple CD4 + T cell epitopes. Using CD4 + T cell clones against three indicator epitopes, we find that two epitopes are weakly displayed on the LCL surface whereas the third is undetectable, a pattern of limited epitope presentation that is maintained even when nuclear expression of EBNA1 is induced to high supraphysiological levels. Inhibitor and siRNA studies show that, of the two epitopes weakly presented under these conditions, one involves macroautophagy, and the second involves antigen delivery to the MHC II pathway by another endogenous route. In contrast, when EBNA1 is expressed as a cytoplasmic protein, all three CD4 epitopes are processed and presented much more efficiently, and all involve macroautophagy. We conclude that EBNA1's nuclear location limits its accessibility to the macroautophagy pathway and, in consequence, limits the level and range of EBNA1 CD4 epitopes naturally displayed on the infected cell surface.
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autophagy | antigen processing | T cell C lassically, antigen-presenting cells (APCs) initiate help for immune responses against viral infection by processing exogenously acquired viral proteins and displaying their derived epitopes as MHC II:peptide complexes to CD4 + helper T cells. However, viruses that actually infect APCs may also be subject to CD4 + T cell control through direct target cell recognition, that is, if endogenously expressed viral antigens access the MHC II pathway within the infected cell and are processed to CD4 epitopes. Whereas such access might be expected of endogenously expressed proteins that naturally traffic through endolysosomal compartments (1) or are released and reinternalized into endosomes (2) , how proteins at other intracellular locations might enter the MHC II pathway is less well understood. One potential route is via macroautophagy (hereafter referred to as autophagy), a degradative process in which the cell sequesters portions of cytoplasm into double-membrane vesicles that then fuse with lysosomes. Thus autophagy appears necessary for the MHC II-restricted presentation of two endogenously expressed model antigens, mouse complement C5 (3) and neomycin phosphotransferase (4) . Whereas autophagy usually targets cytoplasmic proteins, analysis of peptides eluted from surface MHC II molecules after inducing autophagy in human B cells suggests that nuclear proteins may also be susceptible to this process (5) , and at least one nuclear protein is reportedly presented to CD4 + T cells in this way (6) . However, the rules governing endogenously expressed protein, particularly nuclear protein, access into the MHC II pathway remain poorly understood.
Here we address this using a virus, Epstein-Barr virus (EBV), which naturally infects and growth transforms an MHC IIpositive cell type, the human B cell, expressing a range of latent cycle proteins that are targets for both CD4 + and CD8 + T cell responses. One of the most closely studied of these proteins is the nuclear antigen EBNA1. This is generally a weak CD8 immunogen, because it contains a glycine/alanine repeat (GAr) that partially limits access to the MHC I processing pathway (7) . By contrast EBNA1 elicits generally strong CD4 responses and contains several well-defined CD4 epitopes (8, 9) . Interestingly, however, only CD4 + T cell clones specific for a subset of those epitopes are able to recognize EBV-transformed lymphoblastoid cell lines (LCLs) in vitro and then at generally low levels, whereas other epitopes are not detectably presented (10-13).
Here we investigate the reasons underlying the limited CD4 epitope display from endogenously expressed EBNA1.
Results

Using published procedures, we established CD4
+ T cell clones against three EBNA1 epitopes, designated SNP restricted through HLA-DR51, VYG, and PQC, both restricted through HLA-DR11 (Fig. 1A , details in Table S1 ). All clones were then screened for LCL recognition in IFN-γ release assays. Because absolute levels of release are dependent upon the individual clone and upon numbers of T cells in the assay, all assays are internally controlled for T cell input and include HLA-matched and mismatched LCLs with and without brief preexposure to 5 μM epitope peptide. Fig. 1B shows representative results testing SNP-, VYG-, and PQC-specific clones on one matched and one mismatched target; data from a wider LCL panel, illustrating the specificity of recognition, are presented in Fig. S1 . CD4
+ T cells against all three epitopes showed strong recognition of HLAmatched, peptide-loaded targets. However, as seen in earlier work (13) , assays on unmanipulated LCLs revealed clear interepitope differences. Clones against the PQC epitope consistently failed to recognize such targets, whereas clones against the SNP and VYG epitopes showed low level recognition (typically 1-2% of that seen with peptide loading) that titrated with T cell input and was clearly specific, being restricted to LCLs with the appropriate HLA-DR restricting allele (Fig. 1B) and being blocked by anti-DR but not by not by anti-DQ or anti-HLA class I antibodies (Fig. 1C) . Note that these interepitope differences in LCL recognition could not be ascribed to differences in T cell clonal avidities. Thus in peptide titration assays (Fig. 1D ) the PQC-specific clone, which failed to recognize unmanipulated LCL targets, was almost as avid as the VYG-specific and considerably more avid than the SNP-specific clone, both of which did recognize LCLs. Importantly, as shown in Fig. S2 , there was no absolute block to PQC epitope generation by LCL cells because, when EBNA1 was provided to these cells as an exogenous antigen, all three epitopes were presented. Even here, however, PQC presentation was least efficient (possibly reflecting partial susceptibility of the PQC epitope sequence to destructive processing by lysosomal proteases; Fig. S2 ) and was the first to be lost when exogenous antigen supply to the MHC II pathway became limiting.
Turning to how endogenously expressed EBNA1 was accessing the MHC II presentation pathway in LCL cells, we first conducted a series of cross-feeding experiments with concentrated culture supernatants to show that access must be occurring by an entirely intracellular route and not, as has been observed with the other EBV-coded nuclear antigens EBNA2 and EBNA3C (14) , through the release of antigenic species into culture medium and their uptake as exogenous antigen by neighboring cells (Fig. S3A) . To explore this intracellular route in more detail, we then asked to what extent epitope display could be enhanced by increasing EBNA1 expression. To this end we used a recently developed episomal vector, pRTS1 (15) , which is stably maintained in silent form in LCLs but from which antigen expression can be induced to high levels by doxocycline (dox). Fig. 2A shows the three EBNA1 constructs, all containing a carboxyl-terminal FLAG tag to aid detection, that were thus expressed: full-length EBNA1, GArdeleted EBNA1 (E1Δ), and an invariant chain-E1Δ fusion (Ii-E1Δ) that is targeted to endosomes and the MHC II processing pathway (16) . All three vector constructs, and an empty vector control, were stably introduced into LCLs, and then the cells were dox induced for 72 h and harvested, and protein extracts were subjected to SDS/PAGE and immunoblotted using an EBNA1-specific antibody. Full-length EBNA1 and E1Δ were expressed at levels >100-fold greater than was EBNA1 from the resident EBV genome (Fig. 2B) ; by contrast, steady-state levels of Ii-E1Δ were much lower, as expected of a protein targeted for endosomal degradation. These cells were all generated on an LCL background expressing the HLA-DR51 and DR11 restricting alleles for SNP, VYG, and PQC epitope presentation and also the HLA-B35 class I allele that presents an EBNA1-derived CD8 epitope HPV ( Fig. 2A and Table S1 ) against which CD8 clones were also available. Fig. 2C shows the results when the above dox-induced targets (and standard LCLs matched and mismatched for the same restricting alleles) were assayed using T cell clones against the four epitopes. Cells induced to express the Ii-tagged antigen were recognized very strongly by the HPV-specific clone (in line with earlier work showing efficient MHC I processing of Ii-tagged constructs) (14, 17) and also by clones against all three CD4 epitopes including PQC; this clearly demonstrates that PQC can be processed from endogenously expressed EBNA1 providing the antigen is directly targeted to the endolysosomal system. However, high overexpression of the EBNA1 or E1Δ nuclear proteins led to only a 2-to 3-fold increase in SNP and VYG epitope display above the low baseline values seen on unmanipulated LCLs; furthermore there was still no detectable presentation of the PQC epitope, suggesting that antigen delivery into the MHC II pathway was still limited. By contrast, CD8 epitope display was greatly increased from the overexpressed nuclear proteins. Note that even with cells expressing such high levels, we could find no evidence for intercellular transfer of EBNA1 antigen (Fig. S3B) , again strongly indicating that EBNA1 processing to the SNP and VYG epitopes must be occurring by an entirely intracellular route. Overall these data show that, in LCLs, the presentation of CD4 epitopes from endogenously expressed EBNA1 remains very limited even when the nuclear antigen is massively overexpressed.
Given an earlier report that EBNA1 can be processed by autophagy (6), we asked whether baseline levels of SNP and VYG epitope display on the LCL surface were affected by a commonly used autophagy inhibitor, 3-methyladenine (3-MA) (18) . To confirm the drug's activity, we used LCL cells expressing NeoR, a model antigen turned over by autophagy (4) , and showed that 72-h exposure to increasing 3-MA doses led to increasing accumulation of the NeoR protein (Fig. 3A) . LCLs expressing physiological levels of EBNA1 from the EBV genome were therefore exposed to 3-MA as above, washed well, and then used as targets for T cell clones against the SNP and VYG CD4 + epitopes and, as controls, against the HPV CD8 epitope. Fig. 3B shows typical results, here using an LCL matched as before for all three HLA restricting alleles. Whereas display of the control CD8 epitope was largely unchanged, 3-MA treatment caused a dose-dependent fall in display of the SNP epitope but a concomitant increase in VYG-specific recognition. These differential effects of 3-MA on SNP and VYG epitope display were seen with a range of SNP-and VYG-specific clones and on several appropriately matched LCLs. Thus, of the two EBNA1 CD4 epitopes naturally presented on LCL cells, the processing of one (SNP) appears to be autophagy dependent whereas processing of the other (VYG), perhaps benefiting from reduced competition for limited antigen, is enhanced by autophagy inhibition. Although this latter pathway remains to be fully characterized, additional experiments showed that VYG presentation clearly requires the export of newly synthesized HLA II molecules, but unlike other candidate pathways reported in the literature (19), does not require the proteasome (Fig. S4) The link between autophagy and the presentation of some EBNA1 epitopes (shown here and reported by others) (6) raised the question why in LCL cells with high autophagic activity (20) , EBNA1 epitope display is so limited. Because autophagosomes are predominantly cytoplasmic vesicles (21), we asked whether EBNA1's exclusive nuclear location might limit its availability for processing by autophagy. We therefore mutated the nuclear localization sequence (nls) of EBNA1 (22) (using E1Δ as the template because of close proximity of the nls to the GAr), introduced this construct, cyto-E1Δ, into the dox-regulated vector, and generated stable transfectants on the same LCL background as with the other vectored antigens. Fig. 4A shows immunofluoresence staining of dox-induced LCL cells carrying the cyto-E1Δ, E1Δ, and Ii-E1Δ constructs, here staining with an anti-FLAG antibody to distinguish vector-coded antigen from the native virus-coded EBNA1. E1Δ was exclusively nuclear whereas cyto-E1Δ was distributed throughout the cytoplasm and nucleus, as seen previously for EBNA1 with this nls mutation (22) ; note that Ii-E1Δ localized to discrete cytoplasmic structures, confirming that Ii targeting overrides the EBNA1 nls signal. Protein levels were now assayed by immunoblotting up to 168 h after dox addition (Fig. S5) . All three antigens were induced within 12 h and by 48-72 h both E1Δ and cyto-E1Δ had reached stable plateau levels well above that of native EBVcoded EBNA1; by comparison Ii-E1Δ levels were always much lower, consistent with this protein's targeting to endosomes. Using the same cells as targets in T cell assays (Fig. 4B) , all three antigens were rapidly processed for CD8 + T cell recognition using the HPV indicator epitope, reaching maximal levels within 12 h. In the CD4 + T cell assays, as expected, endosomally targeted Ii-E1Δ was rapidly processed for recognition by SNP-, VYG-, and PQC-specific T cell clones whereas expression of nuclear-localized E1Δ led to just small increments of SNP and VYG epitope display that were apparent from 72 h onward; here again there was no detectable presentation of the PQC epitope, this time up to 168 h after dox induction. By contrast, the cyto-E1Δ antigen gave a very different pattern of results. Now all three CD4 epitopes were processed and presented to high levels that, over time, reached 25-50% of those observed with endosomally targeted Ii-E1Δ; interestingly, although all plateaued at high levels, there were some kinetic differences with SNP and VYG first being detected at 24-48 h and PQC at 48-72 h. Again these results reflected intracellular processing because, in experiments similar to those in Fig S3B, we never detected any intercellular antigen transfer.
Two further experiments were designed to check the significance of these findings with cytoplasmically targeted antigen. First, to avoid effects caused by antigen overload, we used a different vector system capable of expressing the E1Δ and cyto-E1Δ constructs at physiologic levels. LCL cells successfully transfected with this cyto-E1Δ vector showed a marked increment in SNP and VYG epitope display whereas transfectants with the E1Δ vector did not; yet both targets showed equally elevated levels of CD8 (HPV) epitope display (Fig. S6) . Second, to check that the effects of nls mutation were indeed due to antigen relocalization, we introduced a heterologous nls into the cyto-E1Δ construct and expressed both this and cyto-E1Δ at physiologic levels in LCL cells using that same vector. The nls insertion restored nuclear localization and abrogated the increment in SNP and VYG epitope display that occurs with cytoplasmically targeted antigen (Fig. S7) .
We then used the dox-inducible system to determine how processing of the different CD4 epitopes from nuclear and cytoplasmically targeted EBNA1 was affected by autophagy inhibition. As shown in Fig. 5A (Left) , presentation of the SNP epitope from dox-induced nuclear E1Δ was inhibited by 3-MA whereas that of the VYG epitope was not; this result recapitulated the result seen with native EBNA1 in LCL cells (Fig. 3) and was also reproduced with full-length EBNA1 expressed from the dox vector (Fig. S8) . However, the findings with cytoplasmically targeted antigen were again quite different. Not only were all three epitopes (SNP, VYG, and PQC) efficiently generated (as in Fig. 4 ) but also now each one's presentation was blocked by 3-MA (Fig. 5A, Right) . As a further check, we took a second approach to inhibiting autophagy, using siRNA to transiently knock down the ATG7 protein essential for autophagosome formation (Fig. 5B) and timing dox-induced antigen expression to coincide with decreased autophagic activity. The resultant T cell assays (Fig. 5C ) confirmed that only the SNP epitope was autophagy dependent when processed from nuclear antigen, whereas the much more efficient processing of cytoplasmic antigen to both SNP and VYG epitopes required autophagy.
Finally, we used confocal microscopy to ask where EBNA1 was intersecting the autophagic pathway in LCLs, prompted by an earlier report of EBNA1 detection in cytoplasmic vesicles described as autophagosomes on the basis of their staining with monodansylcadaverine (MDC) (6) . Because MDC is no longer considered a marker of bona fide autophagosomes (23), here we dual stained the above dox-induced cells for LC3, the only protein known to be specifically associated with autophagosomes (21) , and for the FLAG-tagged EBNA1 antigens. As shown in Fig. 6 , when ongoing endolysosomal proteolysis was halted by chloroquine, we were able to detect FLAG-tagged antigen colocalizing with LC3-positive autophagosomes in some cells in E1Δ -expressing cultures, whereas more dual-stained structures could be seen in cells induced to express cytoplasmically targeted antigen. expressed viral antigens, providing those antigens gain access to the MHC II processing pathway. To probe the rules governing such access, we focused on EBNA1, one of several EBV proteins constitutively expressed in virus-transformed LCL cells. Most healthy EBV-infected individuals possess CD4 + T cell memory to EBNA1 epitopes (8, 9) , presumably as a result of a conventionally cross-primed response, and these cells, when cloned in vitro, provide sensitive probes of epitope display (10-13). Focusing on three such epitopes, we found that two (SNP and VYG), were detectably displayed on the surface of unmanipulated LCL cells but at very low levels, whereas a third (PQC) was never detectable; indeed, this held true even when EBNA1 expression was increased by >100-fold from a dox-regulated vector. Such findings reinforce a theme seen in earlier work where EBNA1 epitope display on the LCL surface was generally poor, with several epitopes never detected, compared to epitopes from other endogenously expressed EBV proteins, EBNA2, -3A, and -3C (10, 12, 13) .
We find that this is associated with a fundamental difference in the way these antigens access the MHC II pathway in LCL cells. Whereas EBNA2, -3A, and -3C, or antigenic fragments thereof, are shed into LCL culture supernatant and then acquired and processed as exogenous antigen by coresident cells (14) , such intercellular antigen transfer is never detectable for EBNA1, whether expressed at physiologic levels or hyperexpressed as native or even as cytoplasmically targeted protein. We infer that, in LCL cells, endogenously expressed EBNA1 must access the MHC II presentation pathway by an intracellular route. For the native nuclear protein, however, such access is extremely limited, a limitation that cannot be overcome simply by increasing antigen expression. This contrasts with the MHC-I-restricted proteasomal processing of EBNA1 in the same cells, where CD8 epitope display was easily detectable from the EBV genomecoded antigen and was greatly enhanced by the dox-induced increase in antigen expression.
Interestingly, a recent study (6) reported that the endogenous presentation of some CD4 epitopes from EBNA1 required autophagy, a process that is known to be highly active in LCL cells (20) . To ask if this was true of the SNP and VYG epitopes, we took the same approach and used 3-MA to inhibit autophagy, first confirming the drug's inhibitory effect in LCLs expressing an indicator antigen, NeoR, a known substrate of autophagy. We found that 3-MA treatment of LCL cells reduced display of SNP, consistent with a role for autophagy in EBNA1 processing to that epitope, but had no such effect on the other epitope, VYG. The same held true when antigen supply was increased by doxinduced overexpression of EBNA1 or E1Δ. There we used two independent means of inhibiting autophagy, by 3-MA and by siRNA-mediated knockdown of the ATG7 protein, and both reduced display of the SNP but not of the VYG epitope. We infer that there are at least two intracellular routes whereby nuclear EBNA1 can be processed for CD4 + T cell recognition and these may lead to different epitope displays. One route involves antigen delivery to the endolysosomal system via autophagosomes as previously reported (6) whereas the other, yet to be characterized, is independent of autophagy. Interestingly, inhibition of autophagy actually led to an increase in VYG epitope presentation by this other route, an effect that was most marked when antigen supply was limiting (cf. Figs. 3 and 5) , as one might expect if normally there were competition between the two pathways.
A key observation came when EBNA1 was targeted to the cytoplasm by nls mutation. Now all three CD4 epitopes, including PQC, were very efficiently presented. Furthermore this clearly involved autophagy, because the high levels of SNP, VYG, and PQC epitope display now observed were all markedly reduced both by 3-MA and siRNA targeting of ATG7. We acknowledge the need for caution when interpreting experiments that involve overexpression of a mutant protein within antigen-presenting cells. However, the greater susceptibility of cytoplasmic EBNA1 to Immunoblot of LCLs 72 h after electroporation with either control or one of three different ATG7-specific siRNA duplexes. The blot was probed with antibodies specific for ATG7 or actin as a loading control. (C) Results of T cell assays using the same approach described in A, except LCLs were electroporated with either control (ctrl) or ATG7-targeting siRNAs as in B. Antigen expression was induced 24 h (E1Δ) or 48 h (cyto-E1Δ) after siRNA electroporation and cells were harvested at 72 h for targets in T cell assays (10 4 T cells/well). Representative results are shown from one of three experiments. Note that 3-MA or ATG7 knockdown had no effect on MHC II processing capacity per se because, when these same cells were exposed to EBNA1 protein (as in Fig.  S2A ), levels of SNP and VYG epitope display from exogenously added antigen were not reduced by either treatment.
Flag
LC3 DAPI Overlay Fig. 6 . Confocal microscopy of nuclear-and cytoplasmic-localized EBNA1 in LCLs. An LCL, stably transfected with pRTS1 vectors expressing E1Δ or cyto-E1Δ, was treated with dox for 72 h to induce protein expression. Cells were then treated with 50 mM chloroquine for a further 12 h and stained for EBNA1 (red) using an anti-FLAG mAb and for autophagosomes (green) using an anti-LC3 mAb, followed in both cases by appropriate Alexa-fluor-labeled secondary mAbs. Nuclei (blue) were visualized using DAPI. Note that, under the mild permeabilization conditions necessary to preserve cytoplasmic vesicular structures, detection of FLAG-tagged EBNA1 protein in the nucleus is reduced. Colocalization of EBNA1 and LC3 in the cytoplasm is shown as yellow in the overlay. (Scale bars, 5 μm.) Representative cells from one of three experiments are shown.
autophagic processing did not seem to be a result of overexpression per se, as the effect was also observed with the same nlsmutated protein expressed at physiologic levels, or an artifact of the nls mutation, as redirection of that protein back to the nucleus with a heterologous nls reduced epitope display down to levels seen with nuclear EBNA1 itself. Our results therefore strongly suggest that cytoplasmic location increases susceptibility to autophagic processing, an idea already hinted at by other studies. Thus most examples of intracellular antigen delivery into the MHC II pathway involve cytoplasmic proteins (1, 3, 4, 19) . Furthermore, although the processing route was not investigated, the tumor antigen CDC27 is better presented to CD4 + T cells when located in the cytoplasm rather than the nucleus (24) . In addition, two polyglutamine-expanded proteins involved in the pathogenesis of neurologic disease, ataxin-5 (25) and androgen receptor (26) , resist degradation by autophagy in the nucleus but not the cytoplasm. Such findings are consistent with autophagy being predominantly a cytoplasmic process, with autophagosomes mainly forming in the cell periphery far away from the nucleus (21) . Indeed, in the present work, when endolysosomal processing was halted by chloroquine to reveal intermediates in the antigen delivery pathway (6), colocalization of EBNA1 staining with LC3, a marker of autophagosomes, was frequently detected by confocal microscopy in cells expressing cytoplasmically targeted EBNA1. However, as others have also observed (6), such colocalization with cytoplasmic autophagosomes could also be detected, albeit less frequently, in cells expressing EBNA1 as a native nuclear protein. This emphasizes a point, clear from work both in this viral system (ref. 6 and the present study) and on nonviral model antigens (27) , that nuclear or nuclear-targeted antigens are not completely protected from delivery into the MHC II processing pathway via autophagy. How such antigens are captured into autophagosomes, whether within the nucleus itself, or by cytoplasmic structures originating from the nuclear envelope as recently seen in herpes simplex virus-infected cells (28) , or by sequestration of some newly synthesized protein into a cytoplasmic store, remains to be determined.
The central message of this work coming from the study of EBNA1 is 3-fold. First, although the endogenously expressed protein can be processed for CD4 + T cell recognition in its native nuclear form, access to the MHC II pathway is very limited; as a result, only some epitopes are presented and then at very low levels. Second, that processing may occur by one of (at least) two pathways; for some epitopes, this involves autophagy, and for other epitopes, it does not. Third, cytoplasmic targeting of EBNA1 markedly sensitizes the protein to autophagy and leads to a much more abundant and wide-ranging epitope display. We therefore conclude that the nuclear location of native EBNA1 markedly limits its access to autophagy and, as a result, its visibility to the CD4 + T cell response.
Materials and Methods
T cell clones were generated and their HLA restriction, functional avidity, and ability to recognize LCLs were determined as described (13) . T cell assays were performed in triplicate by coculturing LCL cells (5 × 10 4 /well) overnight with T cells (10 4 /well unless otherwise stated) in a 96-well V-bottom plate; IFN-γ in the supernatant was then measured by ELISA (13) , and the mean ± SD are shown. 3-MA (Sigma-Aldrich) was dissolved in cell medium immediately before use; siRNA targeting the ATG7 gene was purchased from Dharmacon and control siRNA was from Sigma-Aldrich. More details are provided in SI Materials and Methods.
